In the course of our chemical and biological screening program for yet unidentified microbial metabolites, we selected plants of Traditional Chinese Medicine (TCM) as habitats for talented Streptomycetes producer strains for the first time. Liquid pure cultures of strain Streptomyces sp. GS DV232 were found to contain 4-methyl-2-quinazolinamine (1), a potent alkaloid yet unknown from nature. In this study, we investigated the chemical and crystal structure of 1, as well as its antiproliferative bioactivity, and addressed the unusual biosynthesis using feeding experiments.
INTRODUCTION
On the basis of knowledge of traditional medicine, natural products as extracts or pure compounds make a crucial contribution to the health precautions of about 80% of the world's population today. 1 In addition to plants being the main category, selective groups of microorganisms such as actinomycetes, myxobacteria and various fungi are called 'talented producers' of secondary metabolites. They provide important drugs for clinical use, such as antibiotics, antitumor agents or especially immunosuppressive compounds; in these fields of applications, natural products are by far unmatched by synthetic chemicals. Furthermore, microbial metabolites are a source of research biochemicals and agrochemicals and are continuously investigated worldwide. To a significant extent, expertise in modern organic chemistry in terms of structural diversity, reaction types and mechanisms is driven by exploring natural products. [2] [3] [4] In addition to the indispensable use for medicinal and agricultural applications, the innovative potential of natural products lies in the discovery of manifold ecological interactions, which are presently unknown. These are explored in interdisciplinary research networks of biology, ecology and chemistry. 5 Screening for new metabolite structures by the 'ethnobotanical approach' takes advantage of the tradition of using medicinal plants by indigenous people. 6, 7 Ethnobotany is considered as the science of transferring knowledge of historical therapy into active principles of drug agents. Thus, drug discovery benefits from rare or yet unexplored habitats, reinforcing this research strategy. 1, 8 Our ongoing screening project for yet unknown microbial metabolites comprises the isolation of microorganisms from Traditional Chinese Medicinal (TCM) herbs with the aim of isolating strains, establishing laboratory cultivations and giving access to bioactive substances from a thus renewable resource. Among 51 bacterial isolates, Streptomyces sp. GS DV232 was isolated from leaves (folium) of Filipendula palmata (Pall.) Maxim. (bot. syn.: Spiraea palmata Pall., Chinese: wen zi cao). Traditionally, the dried rhizome or herb is used to treat the respiratory system and is also used against rheumatic and renal diseases. 9, 10 From strain GS DV232, quinazolinamine 1 could be isolated as the main secondary metabolite. Hitherto, the structurally uncommon 1 has not been found in nature, and has only been described as a synthetic chemical product. 11, 12 Among plant alkaloids, small quinazolines are well known. However, only a few single reports deal with quinazolines as secondary metabolites of microorganisms. 13, 14 In this study, cultivation, isolation, structural elucidation, crystal structure and biological activity of 1 are presented. Feeding experiments allow for insights into the unusual biosynthetic pathway of microbial quinazoline 1.
RESULTS AND DISCUSSION
Isolation and structural elucidation Streptomyces sp. GS DV232 was isolated from leaf surfaces of traditionally used plants of the Filipendula palmata (Pall.) Maxim. Owing to 16S rDNA analysis, it could be taxonomically classified as Streptomyces zaomyceticus or S. venezuelae. According to the chemical screening strategy, strain GS DV232 was cultivated in different media to analyze its metabolite pattern. The obtained extracts showed several metabolites using high performance thin layer chromatography, but only one gave an intense red color reaction on TLC plates after staining with anisaldehyde. Chromatography gave a white solid with an overall yield of 2 mg l À1 , the molecular formula (C 9 H 9 N 3 ) of which was determined by mass spectral analysis (HRESI mass spectrometry, [M+H] + 160.08692). 1 H-NMR spectra exhibited four aromatic protons, a methyl group (2.72 p.p.m.) with distinct NOESY correlations to the aromatic proton at 7.94 p.p.m. and a broad singlet at 6.08 p.p.m. for an amino group. From 13 C-NMR, HSQC and HMBC data, the compound was identified as the alkaloid 4-methyl-2-quinazolinamine (1). Hitherto, 1 has not been described from any natural source. Given that the number of synthetic quinazoline derivatives exceeds the number of 'natural' quinazolines, 13 1 was first synthesized by Theiling and McKee 12 during their studies on heterocyclic compounds carrying guanidine substituents.
For further investigations, 1 was synthesized according to Hynes et al. 11 and physicochemical properties were verified. Crystals suitable for X-ray structure determination were obtained from a CD 2 Cl 2 solution of the synthetic material by evaporation. The crystal structure underlined the formula of 1 (Figure 1) . 15 Nitrogen N-10 was found to bind two hydrogen atoms, the positions of which were clearly visible in the electron density. Although potential hydrogen positions at N-1 and N-3 also showed a slight residual density, the crystal structure is mainly based on amine 1. The crystal lattice is based on hydrogen bonds between the amino hydrogen atoms and the free electron pairs at N-1 and N-3, as shown in Figure 1 . At present, only one related crystal structure can be found in the CSD (Cambridge Structural Database), which resembles [1,2,4]triazoloquinazolinium betaine (2) . 16 Feeding experiments So far, only very few reports have addressed the biosynthesis of the small bicyclic quinazolines. Among the known quinazoline alkaloids from plants, arborine (3) and peganine/vasicine (4) were examined by in vivo feeding experiments. [17] [18] [19] Anthranilic acid has been suggested to be the putative precursor of the aromatic ring system and phenylalanine for the pyrimidine fragment. Yet, the metabolic origin of this aminobenzoic acid has only been discussed. Incorporation of labeled tryptophan [U- 14 C 6 ] benzene ring into 4 fueled questions whether anthranilic acid derives de novo from the shikimate pathway or from the catabolism of tryptophan. 19, 20 4-Methylquinazolines from Pseudomonas sp. have been suggested to originate from the so-called 'quinazoline pathway' , starting from tryptophan through N-formylacetophenone to yield 4-methylquinazolines of type 5. 21 Therefore, we are fascinated to have a bacterial 4-methyl-2-quinazolinamine (1) at hand and to investigate the biosynthesis that presumably encloses anthranilic acid, some urea-like nitrogen source and possibly methionine for the C-4 methyl group. Our feeding experiments with unlabeled anthranilic acid, glycerol and urea should show whether these compounds increased the production of 1. No alteration for quinazoline (1) production has been detected by TLC and HPLC-MS analysis. 
Quinazolinium salt (2) and natural quinazolines (3-5)
Shikimate generally incorporates glycerol from phosphoenolpyruvate (PEP) and erythrose-4-phosphate (E4P) of the pentose phosphate pathway and gives rise to specifically labeled anthranilic acid ( Figure 2 ). Therefore, 13 C 3 -labeled glycerol was administered to growing cultures, and 13 C-NMR spectra of purified 1 clearly showed a distinct 13 C- 13 C coupling between C-5/C-6/C-7 and C-4a/C-8a and a single enrichment at methyl group C-9 (Supplementary information). This indicates an intact incorporation of glycerol through the shikimate pathway (Figure 2 ). Levels of [ 13 C 3 ] glycerol are unbalanced in the metabolic pools of PEP and E4P, and therefore C-8 (C-1 of E4P) might not be significantly labeled. 22 Previous speculations about the incorporation of methionine into quinazoline alkaloids revolve around the origin of the methyl group at N-1 of 3. Gröger and collaborators 17 isolated labeled N-methylanthranilic acid as a degradation product during their studies. [Methyl- 13 C]methionine did not significantly label any carbon atom of 1, and N-methylanthranilic acid has not been isolated from feeding studies with strain GS DV232 (data not shown), but in earlier experiments. Uncommonly, 4-methyl-2-quinazolinamine (1) bears a third nitrogen atom in the pyrimidine fragment, which strongly invited for biosynthetic experiments. [ 13 C]Urea was fed to the producing strain and gave N1 N10
N3
Figure 1 Structure 1 as determined by X-ray crystallographic analysis. 15 The atoms are shown as ORTEP plots with 50% probability displacement ellipsoids. Dashed lines mark hydrogen bonds.
A comprehensive view on 4-methyl- In addition, several J NC couplings are deduced from 13 C-NMR data (Figure 3) , suggesting a distinguished, moderate 15 N incorporation into all N-atoms of 1 because of a vital catabolism of 15 N-labeled urea, but no incorporation of an intact [ 13 C, 15 N]urea moiety. From our data of the comprehensive feeding experiments, we suggest the following biosynthetic pathway for the uncommon microbial 2-quinazolinamine metabolite 1:
(1) Tryptophan originates from anthranilic acid from the shikimic acid pathway by means of PEP and E4P. Three sources form the tryptophan skeleton, anthranilate (shikimic acid pathway), 5-phosphoribosylpyrophosphate (pentose phosphate pathway) and serine (3-phosphoglycerate from glycolysis), which in turn are formed from glycerol ( Figure 4 ). 23 (2) Cleavage of tryptophan by tryptophan pyrrolase/tryptophan-2,3-dioxygenase could form N-formylkynurenine (6), which is transformed into 7 by a 2-oxoglutarate aminotransferase. Possibly, a reduction at the 2-keto group gives 8, which is converted into 2-aminoacetophenone (9) and glyoxylate through a ketohydroxyglutarate aldolase reaction type (Figure 4 ). 24 4) We suggest that inorganic ammonium labels carbamoyl phosphate (10), which mediates 15 N transfer to 1. We consequently assume N-carbamoyl aspartate (11) carrying 15 N isotopic labels derived from 10 and from glutamate in the course of aspartate biosynthesis by transamination. Generally, glutamate in turn is biosynthetically close to the ammonia pool, and is therefore strongly 15 N labeled in respective feeding experiments. (5) It is also feasible that N-1 is 15 N labeled, as glutamate also provides the anthranilic acid and indole nitrogen at an early stage of biosynthesis ( Figure 4 ). To conclude, labeling of the three nitrogen atoms in different intensities reflects the dynamic metabolism (time, sites, substrate specificities). (6) Finally, the quinazoline ring system is formed from 9 and 11 by a double nucleophilic attack (Figure 4 ). Transamination and release of oxaloacetate could result in the new quinazoline metabolite 1.
Biological activity
For biological screening, crude extracts of strain GS DV232 were tested against different test organisms in a plate diffusion assay. A weak growth inhibition of Bacillus subtilis and Escherichia coli was observed, but no growth inhibition of any testorganisms could be detected for the pure 4-methyl-2-quinazolinamine (1). Cytotoxicity cell assays with 1 indicated a moderate activity against different tumor cell lines (Table 1) . Furthermore, 1 showed antiproliferating properties on bronchial carcinoma cells (line A549), which can be compared with known chemotherapeutic agents such as doxorubicin and melphalan ( Figure 5 ) (Supplementary information). Currently, ongoing assays are concerned with the possible mode of action of 1, and thus the morphological effects on tumor cells were investigated. After incubating breast adenocarcinoma cells (line MCF 7) with 1 in a concentration of 5 mg ml À1 , the cells showed a deformation of the nuclei combined with hollows in the network of microtubules (Supplementary information).
Conclusion
The concept of our screening has its seeds in TCM plants as habitats for potent antibiotic-producing Streptomycetes, one of them producing 4-methyl-2-quinazolinamine (1), not known as a natural product before. Significant enrichments of 2-quinazolinamine 1 from feeding experiments indicated the biosynthetic pathway of 1 to originate from a tryptophan-derived core. The three nitrogen atoms are an uncommon feature of the bacterial quinazoline 1; in this study, we present Although alkaloids-mainly of plant origin-have been intensively investigated, quinazolines especially are still in the focus of research.
Streptomycetes have been observed to produce known alkaloids and the strikingly simple quinazoline-4-one. 25 We learn that (synthetically) known quinazoline structures have been also invented by nature: 4-methylquinazoline (5a), first discovered from Pseudomonas sp., 21 was recently identified as a sex pheromone in the parasitoid wasp Nasonia vitripennis. 26 Synthetic efforts on 2-guanidino quinazolines as adenosine receptor antagonists add on the picture of actual quinazoline research fields. 27 
EXPERIMENTAL SECTION General
Electron impact and HREI mass spectra were recorded on Finnigan MAT 95 (70 eV; Thermo Scientific, Dreieich, Germany); relative intensities in parenthesis refer to the highest peak of the spectrum. HRESI-MS spectra were obtained using Bruker Apex IV (FTICR, 7 T; Bruker Daltonik GmbH, Bremen, Germany). All NMR spectra were measured in acetone-d 6 or CD 2 Cl 2 , with the solvent as internal reference. Chemical shifts are expressed in d-values. 1 H-NMR spectra were recorded on Varian Inova-600, and 13 C-NMR spectra on Varian Inova-500 (125.7 MHz) equipped with Varian PFG Cold Probe (with helium cooling system). 15 N-NMR spectra were recorded on Varian VNMR-S 600 equipped with a 3 mm triple-resonance inverse probehead (temperature 25 1C, 600 MHz for 1 H and 60MHz for 15 Figure 4 The proposed biosynthetic pathway for 4-methyl-2-quinazolinamine (1) in accordance with labeling patterns derived from 13 C-and 15 N-labeled precursors (black: significant, grey: weak/not detectable incorporation). GI 50 is the concentration at which half of the cells were inhibited in their growth, and TGI is the concentration at which a total inhibition of cell growth was observed. 
Producer strain
The producing strain Streptomyces sp. GS DV232 was isolated from the leaf (folium) of the meadowsweet Filipendula palmata (Pall.) Maxim. family of Rosaceae, which was collected near Harbin, Heilongjiang Province, PR of China in 2005. Taxonomic investigations suggest strain GS DV232 to be S. zaomyceticus and S. venezuelae (100% identity by 16S rDNA analysis). 
Chemical screening and isolation

Feeding experiments
For feeding experiments, the producer strain was cultivated in a 2 l fermenter (Biostat B; B.Braun AG, Melsungen, Germany) containing 1.5 l YMG medium for 54 h. A 48 h preculture in 1 l baffled Erlenmeyer flasks with 150 ml YMG medium was used as inoculum. From the twelfth to the twenty-third hour of fermentation, feeding reagents were added continuously as sterile-filtered solutions (40 ml each). 15 N 2 ]urea and methionine from Cambridge Isotope Laboratories (Euriso-top GmbH, Saarbrücken, Germany). Isolation of pure 1 was performed by subjecting the crude extract to chromatography on Sephadex LH-20 (Sigma-Aldrich Chemie GmbH, Munich, Germany; eluent: methanol), followed by MPLC and HPLC as described above.
Biological tests
In plate diffusion tests, crude extracts and pure compounds were tested against B. subtilis, Candida albicans, E. coli and Staphylococcus aureus (Supplementary information).
In a first test series, cytotoxic activity was determined according to NCI (USA) protocol with tumor cell lines AGS, HM02 (gastric adenocarcinoma), HepG2 (hepatocellular carcinoma) and MCF 7 (breast adenocarcinoma) (Supplementary information). 28 In the second study, 1 was tested with regard to its toxic potential on the colony-forming rate of human bronchial carcinoma cells (line A549) (Supplementary information). For morphological studies, MCF 7 (breast adenocarcinoma) cells were incubated for 24 h after adding 1 in a concentration of 5 mg ml À1 . Microtubules were colored green by immunofluorescence, nuclei and chromosomes were stained blue with 4,6-diamidino-2-phenylindole (Supplementary information).
Crystal structure determination
